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ABSTRACT 
 
Perfluorooctanesulfonic acid, known as PFOS, is a suspected carcinogen found in global 
drinking water. The U.S. Environmental Protection Agency (EPA) has set a health advisory at 70 
parts per trillion (ppt) of PFOS in drinking water. Michigan issued a state of emergency for 
Parchment, one of the towns afflicted with an excess of this chemical in their drinking water. 
Rising concerns and inadequate solutions, led to the belief that electron beam treatment may be a 
cost effective and efficient way to augment current remediation strategies of PFOS in water and 
soil. This thesis explores possible and verified processes for treatment and collection of samples 
for PFOS removal. Our research using electron beam technology, has led to a breakdown of greater 
than 99% of PFOS levels in sand samples as well as a greater than 48.6% PFOS level breakdown 
for water samples without laboratory additives. For these tests relatively high doses of radiation, 
500 and 2000 kGy, were used and special care was taken to ensure the purity of samples. 
Preliminary tests and other research papers point to PFOS removal when spiked samples, those 
created with a known PFOS level contamination, are introduced to electron beam irradiation. This 
research adds upon previous work and hopes to introduce insight on the topic including single run 
high dosing, additive testing, and condensation recovery.  
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NOMENCLATURE 
 
°C Degree Celsius   
CAD Computer-aided design 
c Speed of light 
D Irradiation dose absorbed 
DAQ Data acquisition 
EPA U.S. Environmental Protection Agency 
EPR Electron Paramagnetic Resonance 
ESR Electron Spin Resonance 
FTIR  Fourier-transform infrared 
GAC  Granular Activated Carbon 
GERG  Geochemical and Environmental Research Group 
IARC The International Agency for Research on Cancer 
IDW Investigation Derived Waste 
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MeV Mega Electron Volts 
MGy Megagray 
NATO North Atlantic Treaty Organization 
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PFOA Perfluorooctanoic acid 
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ppt Parts Per Trillion 
PTFE  Polytetrafluoroethylene  
REM  Roentgen Equivalent Man 
RF Radio Frequency  
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1. INTRODUCTION 
 
Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic acid (PFOA) are global 
contaminates, with many health risks to humans. The Agency for Toxic Substances and Disease 
Registry at Centers for Disease Control lists increased risk of cancer, problems with infertility, 
increased risk of cardiovascular disease and problems with the immune system as some health 
concerns linked to these harmful chemicals [17]. PFOS and PFOA are water-soluble and were 
introduced to our environment though firefighting foams and manufacturing processes [12], [13]. 
Water runoff allowed these chemicals to spread to rivers, lakes, and streams to eventually wind up 
in drinking water. PFOS and PFOA do not breakdown in the environment [7], [9]. 
What method will be most efficient in removing PFOS and PFOA from water 
sources?  Irradiation may be a cheap and effective method to remove PFOS and PFOA 
contamination.  
This paper will prove that electron beam irradiation is currently the most efficient method for 
remediation of PFOS and PFOA in that it destroys the chemicals without producing hazardous 
waste. The technology works by speeding an electron up, in steps, to a velocity close to the speed 
of light [6]. These electrons are shot at a sample where the energy is absorbed, breaking down 
PFOS and PFOA. 
This thesis provides a proof of concept for irradiation breakdown of PFOS using a 10 MeV, 
15kW electron beam. Experiments using spiked water or sand with and without laboratory 
additives have been irradiated and analyzed. Electron beam treatment has led to a breakdown of 
greater than 98% of PFOS levels in sand boat samples at 500 kGy and 2000 kGy. The experimental 
apparatus reached temperature of between 78.8°C and 109.5°C for the 500 kGy runs and between 
190.2°C and 398.4°C for the 2000 kGy trials. Low dose (50 kGy) experiments at C. Kowald and 
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S.D. Pillai’s laboratory showed greater reductions of PFOS when Sodium hydroxide (NaOH), 
Sodium bicarbonate (NaHCO3), and Sodium nitrate (NaNO3) additives are used. Our work shows 
the water and sand samples displayed a larger breakdown without laboratory additives for 500 kGy 
and 2000 kGy. When spiked water samples with additives were irradiated, 21.9% and 88.8% of 
the PFOS contamination in the boat was destroyed for the 500 kGy and 2000 kGy trials 
respectively. Furthermore, the apparatus reached temperatures of 251.5°C for the 500 kGy and 
335°C for the 2000 kGy run. The spiked water sample without additives showed a 48.6% 
breakdown at apparatus temperature of 102°C for the 500 kGy run, and 96.6% breakdown for the 
2000 kGy run. Further samples were irradiated, but analyses of these samples are pending.  
Section 2 (IRRADIATION TECHNOLOGIES) reviews current methods of irradiation, and 
the method used in this research. Section 3 (PFOS/PFOA) examines PFOS and PFOA as well as 
previous remediation work. Section 3.4 (SAMPLE PREPARATION AND ANALYSIS) briefly 
describes how samples were prepared and analyzed. Section 5 (RADIATION DOSIMETRY) 
quickly explains dosimetry and how it was used in this experiment. Section 6 (EXPERIMENTAL 
SETUP) details the experimental setup. Section 7 (PLANNED PROCESSING CONDITIONS 
AND ECONOMIC RATIONALE) explains why experiments were chosen in terms of cost of 
remediation. Section 8 (PROCEDURE AND SAFTEY OF TRACE CONTAMINATES) states the 
procedure used when handling the experimental samples. Section 9 (TESTS COMPLETED) lists 
the experiments run under the electron beam. Section 10 (RESULTS) shows the results of the 
samples from section 9 that have been received from the analysis group. Section 11 (FUTURE 
WORK) provides a brief description of the continuing work that is planned for this project. Section 
12 (CONCLUSION) describes results and final thoughts.  
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2. IRRADIATION TECHNOLOGIES 
 
 Comparison 
 
A few major types of irradiation processing technologies include the use of cesium 137  
(Cs-137), cobalt 60 (Co-60), X-ray, and electron beam. All of these methods require shielding 
designed for the energy produced to ensure safety of personal. A method of shielding is shown in 
Figure 1. This diagram is based on the National Center for Electron Beam Research at Texas A&M 
University. The shielding of each of these sources will be similar to those found in Figure 1 when 
working with high energy product irradiation. Shielding includes thick concrete that surrounds the 
beam, as well as corners leading out ensure the radiation is contained within the irradiation cell. 
For reference, the 10 MeV beam at Texas A&M has a primary shielding of about 11 ft thick and 
the secondary shielding is about 2.5 ft thick [38]. A conveyor system winds through the corners 
and moves the product directly into the radiation source. The product is conveyed out of the cell 
for pickup and transport to its next location. Entrance doors are locked before the beam can be 
turned on. As an added safety precaution at Texas A&M, the operator must walk into the cell 
before locking the doors, and verify to the system that the beam is empty by turning a key on each 
side of the electron beam emitter.   
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Figure 1: Shielding method used by Texas A&M’s electron beam facility. 
 
 
Cs-137 is an elemental radioactive isotope. Cs-137 is produced as a byproduct of nuclear 
fission of uranium or plutonium in nuclear reactors. During its 30.17 year half-life, Cs-137 decays 
into Ba-137 and Ba-137m, producing gamma irradiation. Cs-137 is water-soluble [47], [48], [49]. 
Therefore, it makes a poor choice for water reclamation projects as it could contaminate the water 
supply [21]. 
Co-60 is another radioactive isotope, and a better choice as it is not water-soluble [21]. Co-60 
is produced by placing Co-59 rods into a nuclear reactor and bombarding the material with 
neutrons for upwards of two to six years [50], [51]. The rods are then placed in stainless steel 
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cylinders, known as pencils, to prevent leakage [50]. The pencils are transported from the nuclear 
fission facility to the product irradiation facility where it is stored in water until ready for use. 
During Co-60’s 5.27 year half-life, gamma rays are produced with energies of 1.17 and 1.33 MeV 
[49]. The water is used as shielding to absorb the ionizing radiation.  
Co-60 irradiation facilities (Figure 2) are designed around the source material. Due to the 
nature of the radioactive source, the reaction cannot be simply stopped, so essentially one cannot 
turn off the irradiator. For maintenance and when not in use, a hoist is used to lower the source 
into a pool water storage area. When in operation the source is hoisted up to the conveyor belt 
area. Products are conveyed past the Co-60, thus irradiating the product.   
 
 
Figure 2: Co-60 irradiation facility’s product irradiation cell. 
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Gamma rays are produced when Co-60 decays. This radiation allows for deeper penetration 
into a sample compared to X-ray or electron beam irradiation at the same energy, but there are a 
few downsides [50], [52]. Co-60 has a short half-life, and must be replaced regularly [50]. 
Furthermore, the dosing will change drastically over time as more and more of the source decays, 
and it will take a longer time for product irradiation. The cost of Co-60 is about $5 per curie, and 
an industrial facility needs about $5 million worth of Co-60 to process materials effectively [21]. 
This cost is related to production and regulations/care required for shipment of the source from the 
nuclear reactor to the irradiation facility.  
X-ray is the third type of irradiation method which are produced in a similar process as an 
electron beam. Both produce electrons, via an electron gun, and accelerate them towards the 
sample. The difference is that in X-ray production, the electrons are directed onto a high atomic 
number sheet such as tantalum [52]. This converts the electrons into X-rays through the 
bremsstrahlung process [53], [54]. Similar to an electron beam, this process can be turned off, 
allowing for safe access to the machine. X-rays have the advantage of deeper penetration into a 
product than an electron beam for the same energy. However, the conversion efficiency from an 
electron to an x-ray is about 8% for a 5 MeV machine. That means 92% of the energy is converted 
into waste heat. This is a massive waste of energy that would impact the economics of processing 
negatively.  
Electron beam is the final major irradiation technology covered in this thesis. Electrons are 
produced in an electron gun and accelerated towards the product. The electrons themselves interact 
with the product. It is the only method discussed that have relative mass, as the other methods use 
photons for irradiation. This causes the penetration depth within the product to be drastically 
reduced, but this method has many other advantages.  The electron beam can be shutdown, runs 
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on standard grid electricity, has higher energy input efficiency as compared to X-ray, and is 
cheaper and safer to maintain than radioactive isotopes.  
 
 
 Electron Beam and How it Works 
 
The electron beam at Texas A&M University is a LINAC (Linear Accelerator) system [1]. A 
single 15 kilowatt, 10 MeV electron beam was utilized to perform all of the tests. A simplified 
overview of the system is shown in Figure 3. This electron beam works by first producing electrons 
through thermionic emission from heating a barium cathode (Figure 4) [2], [3]. The electrons are 
passed through a high voltage gate [4]. The electrons are speed up, under vacuum, through a linear 
accelerator [1], [2], [3], [4]. This accelerator utilizes S-band microwave radiation produced by a 
klystron for this purpose, acting as a waveguide [2], [3]. RF power further accelerates the electron 
by modulating the pulses received by different parts of the accelerator (Figure 5) [4], [5].  
 
Figure 3: Electron beam simplified schematic. 
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Figure 4: LINAC accelerator overview. 
 
 
Figure 5: Electron accelerating on LINAC Accelerator with voltage pulses. 
 
This groups the electrons into a tight beam, and speeds them up to a velocity of 0.999c [6]. Then 
an electromagnetic scan magnet directs the beam in a perpendicular path to the conveyor belt 
movement. The electrons pass through a scan horn and impact the sample when it passes under 
the beam (Figure 6). 
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Figure 6: Electrons creating plasma as they pass through the air from the scan horn. Static is due 
to the beam’s electromagnetic interference/scattered X-Rays. 
 
 Continuously Vs. Serial Dosing Irradiations and Estimates of Sample Temperatures 
 
As a sample is irradiated in an electron beam, heat is generated in the sample due to electron 
bombardment. The longer the sample is in the irradiation source, the hotter the sample will get 
until it reaches steady state. For reference, previous experiments in our lab have shown 
temperatures greater than 800°C, and a few have reached temperatures of greater than 1000°C.  
Continuously dosing irradiation is defined, in this thesis, as fully irradiating a sample 
without pausing the process. This means the sample is placed in the system and left stationary 
while the proper dose (amount of energy applied to system) is applied in a single step. Serial dosing 
irradiation is defined, in this thesis, as irradiating a sample in multiple steps to achieve a desired 
dose. In other words the sample is hit with a small amount of radiation every few minutes.  
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Continuously dosing irradiation allows for a much higher heat to build up in the system 
than a serial dosing irradiation. With serial irradiations the heat is allowed to dissipate. Our work 
involved use of continuously dosing irradiations as heat generation at such high doses were 
expected to play a major role in the remediation of PFOS. Our work was compared to other work 
that used serial dose irradiations, where the heat generated would not boil the water in the sample. 
No thermocouples were placed in the sample to reduce contamination sources, so the 
temperature of the samples should be estimated. Our water samples reached temperatures of 100°C 
as some water was left unevaporated in each trial. The temperatures of the sand trails in these 
experiments needed to be calculated. Using a constant energy input generated by the beam and 
subtracting the heat loss, gave an estimate of the sand samples temperatures. For the 500 kGy 
(amount of energy added) trial, the temperature of the sand sample was estimated to be 100°C as 
not all of the water would have evaporated at this point. For the 2000 kGy trial (four times the 
energy of the previous trial), the sand sample’s temperature was estimated to be 520°C.  
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3. PFOS/PFOA  
 Background 
 
Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic acid (PFOA) are long chain 
chemicals belonging to the Per- and Polyfluoroalkyl Substances (PFAS) group [9]. These 
chemicals have an eight-carbon backbone accompanied by a carboxylate in the case of PFOA or a 
sulfonate in the case of a PFOS (Figure 7) [7], [10], [11]. These chemicals are hazardous in humans 
and wildlife with the U.S. Environmental Protection Agency (EPA) setting a health advisory at 70 
parts per trillion (ppt) for PFOS and PFOA combined in drinking water [8]. Furthermore, PFOS 
and PFOA does not breakdown in standard environmental conditions [7], [9].  
 
 
Figure 7: Perfluorooctanesulfonic acid molecular structure. 
 
 PFOS and PFOA are found in drinking water globally and originated from various sources 
[14]. Major contributors include the U.S. military and NATO, who have been using firefighting 
foams containing PFAS beginning in the 1960s [12]. The foams contained different mixtures and 
proportions of PFAS, including PFOS and PFOA. These chemicals have been stored or used at 
hundreds of facilities to put out fires in a multitude of fire training scenarios [9]. After these 
firefighting foams are used, the PFOS/PFOA were picked up in the water runoff and introduced to 
the water system. PFOS has a solubility of 680 mg/L (powder/potassium salt at 25°C) and PFOA’s 
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solubility is 9.5 X 10^3 mg/L (powder/waxy solid at 25°C) in water making runoff an effortless 
transportation system [13]. 
Other contributors include paper mills that use PFAS in production, and plants that produce 
PFAS as main product or byproduct. Parchment, a city in Michigan, has been placed into a state 
of emergency by the state government of Michigan [14]. Their water system had a problematically 
high PFOS and PFOA contamination. Contaminant levels of 740 ppt for PFOS and 670 ppt for 
PFOA were found in the city’s drinking water [14]. Adding these together results in 1410 ppt 
PFAS contamination, which is roughly twenty times higher than the EPA’s health advisory (70 
ppt combined) standard for potable water. It is strongly believed that the closed paper mill, from 
which the town’s name is derived, caused the contamination; however, this theory is unconfirmed 
[14].   
 People have also been exposed to PFOS/PFOA though many consumer products as well. 
It has been used to manufacture “carpets, clothing, fabrics for furniture, paper packaging for food 
and other materials that are resistant to water, grease or stains” [8]. Due to the manufacturing 
process, trace amounts of PFOA have been found in non-stick Teflon cook wares [15]. A sample 
of the U.S. population was tested for PFOS and PFOA, and almost all of the people tested had 
detectable levels of PFOS/PFOA in their bloodstream [8].  
 This is unsettling as PFOA and PFOS have many health risks associated with them. These 
chemicals are suspected carcinogens, with PFOA studies suggesting a link to kidney and testicular 
tumors [8], [16]. Findings with rat subjects support that PFOA is tumorigenic [8], [16]. There is 
limited human evidence, but studies suggest that PFOA can cause cancer in those regions. 
Furthermore, the International Agency for Research on Cancer (IARC) has classified this chemical 
as “possibly carcinogenic to humans” [16]. The EPA also suggests that PFOS is a carcinogen as 
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well [8]. Further health risks of these chemicals include thyroid disorders, high cholesterol, 
pregnancy problems and effects on newborn development, surge of liver enzymes, a weakened 
immune system and a diminished vaccination response [8], [13].  
PFOS is persistent in the human body, with a biological half-life of approximately  
4.1–8.67 years [10]. This timeframe is due to the reabsorption of the chemical as it passes through 
the body. PFOS in the bloodstream is removed by the kidney [10]. However instead of being forced 
out of the body through urine, most of the PFOS is reabsorbed from the renal tubules and reenters 
the bloodstream [10].  
In the early 2000s, The 3M Company voluntarily ceased production of PFAS chemicals 
[9]. Later in 2006, eight more companies started to phase out their PFOA production across the 
globe [9]. EPA worked with more chemical companies to create an agreement to phase out 
PFOS/PFOA production by 2015 [9], [18].  Worldwide in 2016, Germany, Italy, and China were 
still producing PFOS, but in 2017, China became the last known manufacturer of PFOS and their 
products [9]. In late 2017 China signed the Stockholm Convention on Persistent Organic Pollutants 
(POPs) and started a reduction of PFOS production [9]. 
 
 Methods of PFOS/PFOA Removal 
 
There are a few technologies that can remove PFOS and PFOA from water and/or soil. 
There are no perfect methods, and a variety of method may need to be implemented together. Cost, 
hazardous waste production, and efficiency are all factors that should be considered when choosing 
the systems to use. Cost is determined by scale and is not fully covered in this section, but is a 
major consideration when determining which process to use. The most common method used for 
remediation of PFOS/PFOA contaminated water is granular activated carbon (GAC) filters [42].  
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GAC filters seem to have PFOS absorption efficiencies of greater than 90%, but the 
presences of organic matter and fouling decreases this efficiency [42]. When the filter is full and 
needs to be replaced, the old filter becomes a biohazard as the PFOS is not broken down, only 
removed. This is a disadvantage with all filtering systems such as reverse osmosis (RO) filters. 
RO filters have also been shown to remove PFOS/PFOA. Researchers have found reductions of 
greater than 99% for PFOS and 98% for PFOA [42]. RO filters have a high degree of fouling when 
used to remediate PFOS/PFOA, with a permeate flux reduction of up to 40% within 12 h of 
filtration [42]. Other types of filters can remove PFOS/PFOA as well, but many do not have the 
efficiency to compete with GAC or RO [42].  
Ion exchange is another filtering method with possible applications as a remediation 
method for PFOS/PFOA. It involves replacing dissolved ions with similarly charged ions from a 
resin [41], [43]. D.J. Lampert’s study used this method to show a decrease in PFOS levels to below 
his analysis’ calibration limit (greater than 92% reduction) on one of his filters [41].  
Air-sparged hydrocyclone is another technology that can remove PFOS/PFOA. This 
method takes advantage of the foaming properties that allows these chemicals to be used in 
firefighting foams [42]. This method involves mixing wastewater with metal and polymer 
coagulants, and pumping the solution into a chamber [42].  The solution is spun in the chamber 
and high pressure air is forced against the solution with an opposite spin. When the air and solution 
meet, bubbles are formed [42].  These bubbles contain the PFAS chemicals, which can be separated 
from the water [42]. This method requires a number of stages when used to lower contaminate 
concentration levels to acceptable limits. One study found that, in one of the more contaminated 
sites, it would take 12 stages to bring the contamination levels down to passable limits [42]. Even 
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so, efficiencies of 80-97% have been reported based on the contamination level. This method also 
generates hazardous waste as the PFAS are not broken down, they are simply removed.  
Sonochemical processes, similar to sonoluminescence, may breakdown PFOS in water 
solutions. Using an ultrasonic acoustic field to collapse bubbles in a PFOS solution produces 
extreme and localized temperatures which cause pyrolysis of the contaminate [42]. One study saw 
a 28% reduction in air of PFOS after 60 minutes of treatment. Due to a breakdown of contaminates 
there is no hazardous waste to dispose of, but the efficiency is severely lacking for the time 
required. 
PFOS and PFOA are extremely hard to oxidize, but using advanced oxidation processes 
and certain reagents these chemicals can be degraded [42]. These processes change the 
PFOS/PFOA into “less toxic products, mainly fluoride ions” [42]. Many reagents have been 
researched. The highest efficiency PFOA removal was produced by using a sulphite/UV process 
that removed 100% of the PFOA, while heat activated persulfate and H2O2 activated persulfate 
produced only a >97.5% degradation of PFOS [42]. These tests have been done on the laboratory 
scale at specific conditions (temperature ranges, etc.), and are difficult to scale up [42]. 
Incineration is a commonly used method to destroy PFOS/PFOA, and is currently being 
used to dispose of the waste [13], [18]. Incineration is a very costly method for remediation, as it 
requires a lot of waste energy. A method used by P. H. Taylor has been shown to bring PFOA to 
non-detectable levels, by feeding samples into a thermal reactor and heating to 1000°C for a 2 
second residence time with hydrogen fluoride and oxygen additives  
[44].  
Electron beam technologies can also remove PFOS/PFOA which will be discussed in 
section 3.3. This method was evaluated as a possible alternative to the methods previously 
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discussed. The electron beam has a few drawbacks as well such as high capital costs, and low 
processing rates. There are no perfect methods, but our results (section 10) have shown massive 
reductions of PFOS, especially in sand samples. Combining an RO or GAC filter to remove the 
PFOS from water and treating the used filters in an electron beam may be a practical method of 
PFOS remediation. Electron Beam treatment would likely augmenting current water technology 
rather than fully replace them.   
  
 Previous Work PFOS/PFOA in Electron Beam 
 
C. Kowald and S.D. Pillai at Texas A&M University have performed low dose irradiations 
of PFOS/PFOA containing samples at the National Center for Electron Beam Research. Their 
work involved irradiating water and saturated sand samples spiked with PFOS and PFOA at 50 
kGy [19]. They found PFOA in water samples degraded as much as 87% after 50 kGy of electron 
beam irradiation [19]. This is remarkable; however PFOS reduction in water for the same treatment 
(50 kGy) was only 16%, which must be improved [19]. PFOA/PFOS in sand gave a similar 
account. PFOA in sand treated to 50 kGy degraded the chemical as much as 86% [19].  Treated 
PFOS in sand caused a degradation of as much as 27.5% [19]. There results showed that 
PFOS/PFOA breakdown occurs even at low doses, but PFOS degradation at these doses are 
lacking [19]. C. Kowald and S.D. Pillai’s group also estimated irradiation at a few higher doses 
(100 kGy, 250 kGy, and 500 kGy), but they would have irradiated these samples in steps instead 
of a single dose [19]. This removes the heat generation within the sample, and allows it to cool in 
between dose additions. With this method they estimated that a dose of 500 kGy will cause a 41.4% 
degradation of PFOS [19].  This group has also unpublished research using additives to further 
degrade PFOS and PFOA in their samples. Their preliminary results suggest that at lower doses 
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the additives promote breakdown of PFOS/PFOA when irradiated by electron beam. Working with 
this group, similar additive tests will be run at high doses in this thesis’s research.  
Tae-Hun Kim et al., at the Korea Atomic Research Institute have also performed 
experiments for removal of PFOS with electron beam irradiation. Their experiment used a PFOS 
concentration of 100 mg/L in an aqueous solution [20]. They performed various irradiations at 
doses ranging from 100 to 2000 kGy [20].  Kim’s group also irradiated in steps as well, where 
irradiation happened in 20 kGy steps [20]. At 2000 kGy they reported that the decomposition 
efficiency of PFOS was about 68.04% [20]. Their radiolytic decomposition of PFOS (100 mg/L) 
by electron beam figure also shows a reduction of about 57% at 600 kGy [20]. Kim’s group did 
not perform a test at 500 kGy, but they have a decomposition trendline estimate of about 52% on 
the same figure [20]. 
 
 Mechanisms  
 
The mechanisms for PFOS breakdown/transformation are different for each method used 
to remediate the PFOS (Section 3.4). PFOS is shown to breakdown instead of just evaporating in 
C. Kowald’s work through their use of single, low dose, irradiations in a sealed system with little 
to no evaporation, and in Tae-Hun Kim’s work [19], [20]. Our analysis method could only detect 
changes in PFOS and PFOA concentrations (due to cost), but it could not tell us the transformation 
products of PFOS caused by electron beam irradiation. However, two papers propose a profile of 
the degradation mechanisms of PFOS in an electron beam; SH. Ma at the Shanghai Institute of 
Applied Physics and Tae-Hun Kim et al., at the Korea Atomic Research Institute and [66], [20]. 
Their full methods differ slightly, but both agree the electron beam interacting with the water in 
each sample and producing a hydrated electron (e-aq) and a hydroxyl radical (OH
.) play a major 
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role in mineralizing the PFOS. The main difference in their proposals are how the first molecule 
is broken. In electron beam irradiation, electrons can hit molecules with enough energy to 
dissociate the molecular bond [67]. The portion of the molecule that is broken would determine 
which path is followed. If a fluorine atom is dissociated, Tae-Hun Kim’s F- Separation path would 
be followed, and if the sulfur trioxide (SO3) is dissociated, SH. Ma’s SO3 Separation path would 
be followed (Figure 8). Both paths start after the PFOS has been exposed to water, removing the 
hydrogen.  
In the F- Separation path, a hydrated electron (e-aq) converts the SO3 into sulfite (SO3
2−) 
[66]. A hydrogen radical (H.) then degrades the product to C7F15CHFSO3
− and releases a fluorine 
ion (F-) [66]. Another e-aq converts the SO3 into SO3
2− and another H. degrades the product to 
C7F15CH2SO3
− and releases another F- [66].  The : CH2 is removed by another H
. and the product 
becomesC7F15SO3
− [66].  Finally the system is mineralized using hydroxyl radials (OH.) [66]. 
In the SO3 Separation path, a e
-
aq rips the SO3
− group off of the molecule [20]. The SO3
− 
later oxides to sulfate (SO4
2−) by the electron beam [20]. The C8F17 forms an unstable alcohol with 
the OH., this chemical undergoes HF elimination to form C7F15COF [20]. Hydrolysis of this 
product produced C7F15COOH and released another HF [20]. An electron broke the molecule into 
C7F15 and COOH which reacted with H
. and CH3 to form CH3COOH [20]. Then the products are 
mineralized [20]. 
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Figure 8: Suspected PFOS breakdown pathways 
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 Additives 
 
PFOS similar to PFOA found higher reductions in C. Kowald and L. Wang’s work (another 
student of Dr. Pillai) with Sodium hydroxide (NaOH), Sodium bicarbonate (NaHCO3), and 
Sodium nitrate (NaNO3) additives [19], [65]. Alkalinity was a major factor that they found to 
accelerate PFOA defluorination due to a carbonate radical formed during the process [65]. pH was 
another major factor that increased the removal of contaminates [65]. Lastly, the presence of 
oxygen in the sample was shown to reduce the breakdown rates of contaminates [65]. NaOH was 
used to increase alkalis and the pH of our system. It may also causes defluorination of PFOS, as it 
does in PFOA [65]. Additionally, NaHCO3 was added to further increase alkalis. This chemical 
also produces CO2 when mixed with water and is used as a partial degassing of O2. Lastly, NaNO3 
was added which dissolves into Na+ and NO3
− in water to further increase alkalis.  
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4. SAMPLE PREPARATION AND ANALYSIS  
 
Four classes of samples were treated: a water based sample, sand based sample, control 
samples, and field samples. The water samples mimic PFOS contamination in drinking water, 
while the sand based samples mimic PFOS contamination in soils. Control samples were irradiated 
with no PFOS to determine if there is contamination for the setup. One field sample has been 
irradiated at the time of this report. Future tests will use more field samples. 
After consideration and to aid in the research, our team decided to pair with another Texas 
A&M research group that had more expertise in preparation and analyzation of PFOS samples. 
The samples were prepared and analyzed by C. Kowald working in Dr. S. D. Pillai’s research 
group at Texas A&M. A method of sample preparation developed by C. Kowald and S.D. Pillai’s 
group and the chemists at the Geochemical and Environmental Research Group (GERG) is 
discussed subsequently. This method was tested and substantiated at the Integrated Metabolomics 
Analysis Core (IMAC).  
Water based samples are made using ultrapure water (UPW) spiked with PFOS. To do this, 
the laboratory obtained a liquid analytical standard of PFOS with a concentration of 100 μg/mL 
(100,000 μg/L). Two dilutions were performed with the ultrapure water to get the sample to the 
desired concentration. The first dilution brought the concentration to 10 μg/mL (10,000 μg/L). 
Then 1 mL of this solution was removed and diluted by a factor of 1000 (1 mL into 999mL) to 
produce the working solution. This working solution had a concentration of 0.01 μg/mL (10 μg/L). 
Many sampling protocols require the use of glass for sample collection. However, PFASs adhere 
to glass, so plastic bottles must be utilized [13]. The samples were stored in sealed High Density 
Polyethylene (HDPE) containers to mitigate outside contamination. 
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Sand based samples are spiked with PFOS to a concentration of 20 mg/kg. Liquid analytical 
standards do not have concentrations this high, so the solution is made using powdered PFOS-K 
(Potassium salt of PFOS). To compensate for the weight of the Potassium substituted for 
Hydrogen, an extra 10% of the powder was added by mass (2 mg per 20 mg concentration desired 
to get a 22 mg powder). A 44 mg concentration of powder was dissolved into 1 L of ultrapure 
water to produce a solution with a concentration of 40 mg/L PFOS. 50 mL of this solution was 
mixed into 100 g of sand to produce a sample with a concentration of 20 mg/kg. The samples were 
stored in HDPE containers to mitigate foreign contamination. 
Multiple control samples were tested. The first control was for the water sample, these 
control samples were created at the same time as the water samples for irradiation, but these 
controls did not receive any irradiation. Sand control samples were also produced when the sand 
samples for irradiation were mixed. Two more controls were made by irradiating pure UPW in a 
clean pipe. The UPW controls were treated to the same doses (500 kGy and 2000 kGy) as the 
samples to see if any contamination is introduced to the samples from the process. 
The treated samples were tested on the Liquid chromatography–mass spectrometry (LC-
MS) in the Integrated Metabolomics Analysis Core (IMAC) at Texas A&M University. LC-MS 
combines the liquid chromatography and mass spectrometry. “The system can selectively detect 
compounds of interest in a complex matrix, thus making it easy to find and identify suspected 
impurities at trace levels” [39]. Liquid chromatography allows for separation of liquid mixtures 
using phase changes due to pressure [39], [40]. These separated parts are passed through a column, 
at different rates depending on their affinity to phase changes [40]. Mass spectrometry allows for 
detection of a sample’s species and quantities of each [40]. It does this by ionizing the sample and 
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isolating the ions by their mass and charge ratio [40]. LC-MS combines these analytical techniques 
improving accuracy and reducing experimental error [40].   
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5. RADIATION DOSIMETRY 
 What is Dosimetry? 
 
Dosimetry as defined by Merriam Webster is “the determination and measurement of the 
amount or dosage of radiation absorbed by a substance or living organism by means of 
a dosimeter” [28]. The dose (dosage of radiation absorbed) allows for a quantification of the 
amount of energy that was put into the sample. For this thesis, dose is expressed as a unit in Gray 
(Gy). A Gy is equal to an absorbed joule per kg of matter (J/kg) [23].   A rad (radiation absorbed 
dose), for reference, is equal to a 10-2 Gy [23].  
 
 Types of Dosimeters  
  
Dosimeters allow for traceability of doses to laboratory standards [24]. Working 
dosimeters are used in everyday processing of products for dose mapping and quality control [24]. 
These are compared to reference standard dosimeters for calibration of the dosimeter reading 
machine [24].  
Different applications require different dosimeters. In 1999, the FDA regulations mandated 
a maximum of between 0.05-0.15 kGy for sprout inhibition in potatoes, onions, garlic, and other 
sprouted produce [25], [30], [31]. While similar regulations allow for enzymes and spices to be 
irradiated to 10 and 30 kGy respectively [25], [30], [31].  
Each type of dosimeter has a set range in which the dosimeter can accurately measure 
absorbed energy. A few dosimeters discussed in this section include the ferrous sulfate, 
radiochromic film, and alanine tablets/pellets. This section is meant to be a brief overview and 
shows only a few different methods of dosimetry used around the world today. Therefore, there 
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are many other dosimeters such as the ionization chambers, calorimeter, ceric-cerous sulphate, and 
dichromate solution that will not be discussed [27], [29].   
Ferrous sulfate (Fricke) aqueous solution dosimeters use the oxidation of Fe2+ to Fe3+ when 
absorbing energy, such as radiation, to measure the dose absorbed [23], [24], [26], [29]. These 
dosimeters have a useful range of about 0.02-0.4 kGy and are measured by Ultraviolet 
(UV) spectrophotometer [23], [24], [27]. This dosimeter can provide a dependable method to 
measure the absorbed irradiation dose in water [24]; however, these dosimeters were not used in 
this experiment. These devices are typically used as reference standard dosimeters to calibrate 
machines as opposed to routine/working dosimeters used for everyday work [24], [29]. 
Furthermore, adding the dosimeter solution directly to the PFOS sample could contaminate the 
results and would slightly change the concentration. One major issue, for our laboratory, is that 
the dosimetry laboratory at Texas A&M does not have a fricke calibrated spectrophotometer; 
therefore, a new machine would have to be purchased, maintained, and calibrated. 
The dosimetry lab at Texas A&M dose have B3 WINdose radiochromic film and alanine 
dosimeters. The radiochromic film dosimeters contain dye which, in the presence of radiation, 
polymerizes or changes color [24], [27]. They use calibrated visible (VIS) spectrophotometer to 
quantify this change [27], [29]. The technical report on B3 WINdose dosimeters states these 
dosimeters have a useable range of 1-140 kGy that depend on the user’s calibration [32]. These 
dosimeters were not used in this experiment as they are a bit more temperamental than alanine 
dosimeters. The radiochromic film dosimeters are very sensitive to UV radiation, unwanted 
particulates collecting from static charge, and accidental foreign contamination of the optical 
surface; which can produce readout errors [24], [32].   
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Alanine dosimeters measure free radical generation in the presence of radiation to 
determine dose. Typical alanine dosimeters have an applicable dose range of about 0.001-100 kGy 
[23], [24]. While they are not recommended for low dose levels (below a few Gy) due to accuracy, 
alanine dosimeters are very accurate for high doses [23], [27]. They are measured using electron 
paramagnetic resonance (EPR), sometimes called electron spin resonance (ESR) [23], [24]. These 
dosimeters were used due to their availability, stability, and accuracy for high doses.  
 
 Alanine Dosimeters  
 
Alanine dosimeters were used in all experiments to obtain a dosage measurement. The 
alanine tablets/pellets used came from Far West Technology [36]. These dosimeters were exposed 
to radiation and measured using a Bruker e-scan (Figure 9, Figure 10). This is an EPR 
spectrometer that reads the free radicals produced in the alanine tablet compared to a reference 
dosimeter [33], [34]. Stable free radicals such as CH3-C•H-COOH are generated from irradiation 
of the alanine dosimeters that are used in the measurements [61], [62], [64]. An EPR spectrometer 
measures the “energy level transitions of unpaired (free) electrons at a specific resonant frequency 
within a variable magnetic field” [33]. The reference dosimeters were received from Nordion, a 
NIST certified lab [36]. The machine in the Texas A&M dosimetry laboratory at the national center 
for electron beam research is calibrated to a maximum of about 80 kGy (Figure 9, Figure 10) [36]. 
The Bruker e-scan has a measurement uncertainty error of about 0.5-1% [33]. Alanine pellets have 
a signal fading rate of about 0.9-4% per year, depending on the energy absorbed [63], [64]. For 
the dosimeters used in these experiments (absorbed 20-25 kGy), a 0.9 to 2% signal fading per year 
is expected [64]. 
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Figure 9: Probe side of Bruker e-scan dosimeter reader. 
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Figure 10: Second side of Bruker e-scan dosimeter reader. 
 
 
 Dose Measurement and Calculation 
 
Experiments were irradiated to doses of essentially 500 and 2000 kGy. The probes used 
for the Bruker alanine dosimeter reader can only register doses up to about 80 kGy [36]. Due to 
the radiation exposure during these experiments these tablets were not capable of measuring the 
full dose. One solution to this issue is to replace tablets about every 60 kGy; however, this method 
is impractical due to time, heating, and cost constraints. From experience, 60 kGy is typically 
produced in roughly 12 seconds with the 15 kW electron beam at Texas A&M. Furthermore, 
another issue is presented because the electron beam must evacuate ozone produced during the run 
before entry to the cell is allowed. This typically takes about 15 minutes. The time issue alone 
demonstrates how this method is impractical, in addition the facility charges to use the electron 
beam. Furthermore, while waiting for access to the cell, the sample would also cool to ambient 
temperatures; any experiments that requires heat, in addition to irradiation, would be nullified. 
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Additionally, alanine tablets cost about $5 per tablet to purchase and measure [29]. This means 
that it would take a little over 2 hours and about $180 (assuming 4 tablets replaced every 15 
minutes) to perform and measure the dose for a relatively small 500 kGy run.  
It was determined that a more practical method would need to be utilized. The experimental 
apparatus was placed under the scan horn of the electron beam. A plumb bob (weighted alignment 
rope) was positioned where the electrons were expelled from the generator. The system was then 
aligned with the plumb bob to the approximate position of the beam. Alanine dosimeters were 
attached to the apparatus shown in Figure 11. A camera was set up about 10 ft (~3 m) from the 
source that recorded the runs at 60 frames per second. The thermocouple reading software was 
initiated. The beam is turned on for four (4) seconds while simultaneously timed by two 
stopwatches. The alanine tablet doses were read on the Bruker machine and their doses recorded. 
The exact time of the run was determined from the stopwatches, camera video, and the 
thermocouple program. An average dose measured from all of the dosimeters surrounding the 
samples was calculated. This average dose was then divided by the time of irradiation for the 
sample which yielded a dose rate. The dose rate was assumed to be constant during the duration 
of the run as long as the system was not moved. The time required for irradiation was determined 
by dividing the desired dose by the dose rate. 
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Figure 11: Approximate final dosimeter locations 
 
 
 Accuracy of Dose Measurements.  
 
Due to the method of measurement, some variation in the dose may occur. This is 
accounted for by using a margin of error. Errors may be introduced through variation in the use of 
the stopwatch for timing, camera frame per second timing, and LabVIEW data acquisition timing. 
The stopwatch is the least accurate measurement method, because of the possibility of 
human error. Using this method as a standard allows for calculation of uncertainty. The 
stopwatches were always used by the researcher and the electron beam operator. The stopwatch 
times are determined by starting and stopping the timer based on an auditory whine the electron 
beam produces when irradiating a sample. In the experiments, if the researcher’s stopwatch was 
within 0.2 seconds of the electron beam operator’s stopwatch, an average of the stopwatch times 
were used as the time. If not, the other methods of timing were used (camera and LabVIEW).  
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Reaction times vary from person to person, so a method to gauge reaction time was devised. 
This was tested by using auditory stimuli with two people, the lab mate and the researcher. The 
method used involved a lab mate loudly clicking a timer and loudly clicking the timer again at four 
seconds to stop the timer. The reaction time subject (the researcher) has their back turned away 
from the lab mate, and clicked their stopwatch when they hear the clicks, attempting to match the 
time of the lab mate exactly. The difference in time between the lab mate’s timer and the 
researcher’s stopwatch was the reaction time. After six trials, an average reaction time of ±0.09 
seconds was determined. Using the maximum difference in time (0.2 seconds used during the 
irradiation experiments) plus the reaction time (0.09 seconds) gives the maximum error in the time 
measurement. The Bruker e-scan has a read error uncertainty of about 0.5-1% [33], so the 
maximum radiation dose measurement error is 1%. Using an average absorbed dose reading on 
the Bruker e-scan of 24 kGy and an average time to get to this value of about 4.23 seconds 
uncertainty can be calculated.  
Adding a 1% error to the absorbed dose reading and 0.29 seconds error to the time allows 
for calculation of the maximum error in the dose. Using the average dose rate to solve for the time 
necessary to reach 500 and 2000 kGy, and multiplying the time by the error dose rate gives the 
uncertainty in the data. For a 500 kGy trial the uncertainty is between +90.9 kGy and -78.6 kGy 
and for a 2000 kGy trial the uncertainty is between +363.5 kGy and -314.4 kGy. The difference in 
the positive and negative uncertainties is due to how dose rate is calculated.  
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Uncertainty was also calculated using the error propagation method and the dose rate 
shown in equation (1). 
𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑜𝑓 𝑑𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 =  √(
−𝐴𝑑
𝑡
∗ 𝑈𝑡)2 + (
1
𝑡
∗ 𝑈𝐴𝑑)2 (1) 
Where the Ad is the absorbed dose measurement, t is the time of dose run, Ut is the 
uncertainty of the time measured, and UAd is the uncertainty of the absorbed dose measurement. 
This equation produced an uncertainty of dose rate equal to ± 0.687 kGy per second. Using the 
dose rate uncertainty, the experiments would have doses of 500 kGy ± 60.7 kGy and 2000 kGy ± 
242.6 kGy. 
The error propagation method is used in many scientific papers to find the uncertainty, but 
for this experiment it does not produce the maximum uncertainty value for this run, which is 
500 kGy −78.6 kGy
+90.9 kGy
 and 2000 kGy −314.4 kGy
+363.5 kGy
. 
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6. EXPERIMENTAL SETUP 
 
 Overview 
 
A system to process these samples has been designed and built. This system allowed for 
collection of both the irradiated sample and its condensate.  A major design consideration was that 
this system must be built from materials that do not produce false positives for PFOS in an LC-
MS detector such as polytetrafluoroethylene (PTFE), otherwise known as Teflon. Teflon and 
Teflon tape are common materials used in pipe fittings, gaskets, and to seal pipe threads. To 
mitigate risk of contamination, the system was primarily designed using aluminum and steel 
components (Figure 12).  
The system receives relative high doses compared to other items processed at this facility, 
and the conveyor belt would be impractical if used to reach these doses on our scale. Further, using 
the conveyor belt would change the experiment as the sample would be allowed to cool in between 
irradiation passes. Rails were used to lift the system above the conveyor belt and allow the system 
to remain stationary during the irradiation. These rails were spaced far enough from the beam to 
mitigate heat generated from the electrons interacting with the apparatus. A simplified heat transfer 
calculation found the sand samples in the system will reach temperatures of roughly 520°C for the 
higher dose runs (2000 kGy). At these temperatures, a metal system would be more practical than 
a plastic or glass system.  
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Figure 12: System designed to process PFOS samples in the electron beam. 
 
A sealed pressure vessel was attached to the rails by U-bolts (Figure 13). The vessel’s main 
body was made from a 1 ¾” 6061 aluminum pipe. Aluminum flanges were welded to the end of 
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the pipe. A high-temperature silicone gasket was added to each end, and the system was sealed 
using another flange and eight bolts per side. Hose clamps were wrapped around the pipes main 
body, and thermocouple ends were fed in between the body and the clamp. The clamps were 
tightened to press and hold the thermocouples into place. 
 
Figure 13: Aluminum tube holding the sample under the electron beam 
 
National pipe threads (NPT) connect the vessel to Yor-lok fittings. The NPT threads were 
coated with Loctite 5117 thread sealant as a substitute for the standard Teflon tape to hold pressure.  
The ballast pipe was made in the same method as the sealed pressure vessel using a 3” 
aluminum pipe. A pressure relief valve was attached near the ballast to reduce the radiation and 
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heat received by the valve as this could damage the seal. The pressure relief safety valve model 
NC25 by Control Devices, Inc., and was set to 120 psi. The ballast pipe was connected to the 
sealed pressure vessel by ⅜” stainless steel tubing.  
For each test, 100 g of sample was poured into new stainless steel sample boats similar to 
the one shown in Figure 14. The steel allows for hotter temperatures within the sample and for 
mitigation of contamination. These boats were placed inside the clean sealed pressure vessel by 
removing one of the flanges and slipping the boat into the opening. A bolted plate with a high-
temperature silicone gasket was used to seal the end of the pipe. While the beam was on, the water 
in the sample was expected to vaporize and greatly increasing the pressure in the pipe. A second, 
ballast, pipe (Figure 15) was added to reduce the pressure buildup and to collect and condense the 
vapor. To connect these pipes, pipe fittings were added using Loctite 5117. To ensure the safety 
of this device and the electron beam, a pressure relief valve was added and set to 125 psi. 
Thermocouples were attached to the bottom of the pipe and followed the pipe out to reduce the 
electron beam’s interference (Figure 16). 
 
 
Figure 14: Stainless steel boat used to house the sample inside the Aluminum tube. 
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Figure 15: Ballast pipe to reduce pressure buildup in the system. 
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Figure 16: Bottom of Al tube showing thermocouple locations 
 
 
 Detailed Design  
 
Figure 17 shows the final treatment apparatus design of the irradiation system using 
SOLIDWORKS, a 3D modeling software. This diagram only shows the main irradiation vessel. 
Other components such as the railing system, control board, and thermocouples were not modeled 
in computer-aided design (CAD) software. Much of the apparatus was taken from components 
from my first project involving irradiation of oil and gas catalysts.  
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Figure 17: SOLIDWORKS render of final treatment apparatus 
 
 
 
The sealed pressure vessel’s main body (Figure 18) was made from a 1-¾” 6061 aluminum 
pipe with a wall thickness of about 0.065" and a length of 2 ft. Sand cast alloy 356F aluminum 
flanges (designed for 1-1/4” or Schedule 40 pipe) were drilled out and welded to each end of the 
pipe. Matching flange end caps were purchased and modified to accept 3/8” NPT pipe threads and 
8 bolts instead of the standard 4 (APPENDIX B). An unnecessary 3/8” NPT thread was added to 
the middle of the pipe. This was left over from the catalyst experiment, and sealed with a steel 3/8” 
NPT plug.  
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Figure 18: Sealed pressure vessel 
 
 
  A 1/8” thick high-temperature silicone gasket (Figure 19 and Figure 20) was added to 
each end, and the system was sealed using with eight bolts per side. Hose clamps were wrapped 
around the pipes main body, and thermocouple ends were fed in between the body and the clamp 
(Figure 21). The clamps were tightened to press and hold the thermocouples into place. A rail 
system was made using leftover unistrut. The length was designed to be 36” long to fit across the 
conveyor system and allow some play. Two cross struts were added making the width of 21”. This 
allowed adequate space so that the system was balanced, and the whole rail system is not directly 
in the beam. This is crucial as the more of the system within the beam resulted in higher 
temperatures, and longer wait times in between runs. Four hole T plates where attached to the cross 
bars. These allowed for U-bolts to hold the sealed pressure vessel in place (Figure 22). A metal 
spacer was added to allow the U-bolt threads to line up with the nuts.  
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Figure 19: Sample gaskets for sealed pressure vessel (left) and ballast pipe (right) 
 
 
Figure 20: Sealed pressure vessel’s flange, gasket, and pipe fitting leading to ballast pipe  
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Figure 21: Hose clamp pressing thermocouple to side wall of sealed pressure vessel. 
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Figure 22: U-bolts connecting the pressure vessel to the rails. 
 
  
 
A 3/8” stainless steel pipe connects the sealed pressure vessel to the ballast pipe. The pipe 
was connected to the flanges by Yor-Lok and NPT fittings. A 90° stainless steel 3/8” Yor-Lok to 
NPT connector was attached to the pipe and flange (Figure 20). Typically NPT threads were 
wrapped in Teflon tape, but Teflon tape cannot be used in this system. Loctite 5117 thread sealant 
was used in its place. This pipe doping is a high temperature product made with “Kaolin, Castor 
Oil, Oxidized, Rosin, 2-Propanol, Talc, Titanium Dioxide, Carbon Black, and Quartz (Sio2)” [35]. 
Even though it is a high-temperature sealant, the doping is only rated up to 400°F (204°C), so the 
doping was replaced every few runs [35]. 
The ballast pipe was made the same way as the sealed pressure vessel using a 3” aluminum 
pipe (Figure 23). Originally, this pipe was held up by a second rail system shown in Figure 15, but 
it was found this was unnecessary as the pipe stands up independently. Two flat plugs on the 
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bottom flange and the bolt heads around the plugs added extra support. On the opposite flange, 
another 90° stainless steel 3/8” Yor-Lok to NPT connector was used to attach the flange to the 
3/8” tubing.  
A pressure relief valve was attached in-line with the tubing near the ballast (Figure 24). It 
was placed at that location to reduce the radiation and heat received by the valve as this could have 
damaged the seal. The pressure relief safety valve was a model NC25 by Control Devices, Inc., 
and it was set to 120 psi.  The valve and fittings used to connect it were screwed into a 3/8” NPT 
T fitting with the same Loctite. The fittings were stainless steel 3/8” Yor-Lok to NPT connectors.  
 
 
Figure 23: Ballast pipe 
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Figure 24: Pressure relief valve and fittings 
 
K type thermocouples with fiberglass insulation were attached to the sealed pressure vessel 
and followed the pipe and rails away from the beam in order to mitigate electromagnetic 
interference. Marlin type K thermocouple connectors connected the thermocouple to the type KX 
thermocouple extension wire.  This extension wire followed the walls of the irradiation cell and 
exited the cell where the conveyor belt exited. Right outside the cell, the control panel was placed 
and provided a connection for the thermocouple (Figure 25).  
The control panel uses a JENCO model 765 thermocouple panel thermometer to read the 
thermocouple. This thermometer has a display that converts the voltage to temperature and shows 
the temperature in Celsius (ºC) to the right of the laptop in Figure 25 to easily view the current 
temperature. The JENCO thermometer averages the last few data points to provide an output. This 
worked well for the experiment as the electron beam generates a lot of electrical noise when it is 
powered on. The filter minimized the noise and gave the team a representation of the actual 
temperature of the system at all times. An analog output on the thermometer allows for a National 
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Instruments (NI) Data acquisition (DAQ) system, model USB-6212, in tandem with LABVIEW 
to record the temperature data to a laptop through an NI BNC-2090A connector block. The DAQ 
sent and receives data from the laptop. The laptop used LABVIEW to interpret the data and save 
each point locally to be reviewed later. This method of recording thermocouple data was proven 
to be more robust than other methods in previous electron beam experiments performed by our 
laboratory. The power strip on the left of Figure 25 provided power for the laptop and display 
screens. The gray boxes were not used in this experiment.  
 
 
 
Figure 25: Researcher data acquisition control panel 
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7. PLANNED PROCESSING CONDITIONS AND ECONOMIC RATIONALE 
Table 1: Planned sample type runs. Repeat trials not included 
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The samples were treated at 500 kGy and 2000 kGy. Table 1 shows the planned trials 
without repeats from the proposal. The additives are as follows: 235.6 μL of pH-13 0.1Molarity 
(M) NaNO3, 2 mL of 1M NaHCO3, and 400 μL of 10Normality (N) NaOH. 
The 500 kGy and 2000 kGy values were estimated to cost less than incineration, while 
producing enough radiation to promote breakdown of the PFOS. This method needs to be a lot 
better than current methods if it is to be adopted. The cost of energy for these is about $0.13 per 
gallon for a 500 kGy treatment and $0.51 per gallon for a 2000 kGy treatment.  
The average processing cost (electrical) was found by the derived equation (2) 
Cost
volume
=
1
ηwall
*
1
ηgeo
*D*Pcost*ρ (2) 
Where the Ƞwall is the efficiency of the electrical power used from the wall, Ƞgeo is an 
assumed geometric efficiency of a system, D is the irradiation dose absorbed, Pcost is the average 
cost of power, and ρ is the density of the material being irradiated. A conversion factor may be 
required to produce the desired units for a specific currency and volume.  
Using an Ƞwall of 60%, Ƞgeo of 90%, the density of water, and an average power cost of 
about 0.10 $/kWh (10.43 ¢/kWh), a graph of cost per dose was created (Figure 26) [37].  
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Figure 26: Electrical cost of electron beam treatment in a water media. 
 
The material throughput for a single beam is found by equation (3) [22], [60] 
𝑃𝑏𝑒𝑎𝑚
𝐷
∗ 𝜂𝑏𝑒𝑎𝑚 =
𝑊
𝑡
 
(3) 
Where Pbeam is the beam power, D is the irradiation dose applied, the Ƞbeam is the efficiency 
of the beam used, W is the weight of a product moving through the beam, and t is the time that 
weight is in the beam. W/t is the processing speed or material throughput in weight per time of a 
product moving through the beam. 
Using a dose of 500 kGy, Ƞbeam of 90%, it was found that the electron beam at Texas 
A&M, a 15 kW beam, could process about 0.027 kg/s. A graph of different powered beams is 
shown in Figure 27. This can be used for liquid or solid products. Figure 28 shows a converted 
graph to gallons per minute to keep with the previous convention of gallons.  
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Figure 27: Throughput Vs Power for an electron beam processing at 500 kGy 
 
 
 
 
 
Figure 28: Throughput in gpm Vs Power for an electron beam processing at 500 kGy 
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8. PROCEDURE AND SAFTEY OF TRACE CONTAMINATES 
 
 
 Safety Concerns and PPE 
 
Safety concerns were mitigated through the use of Radiation Safety Protocol and Personal 
Protective Equipment (PPE). Radiation Safety Protocol required that each person in the facility 
must first go through a radiation safety briefing. Then personal dosimeters were provided and 
required for those entering the irradiation section of the facility. Personal were required to write 
down the initial and final measured dose, from their personal dosimeters, in a log book. This helps 
to ensure that no person exceeds the maximum federally allowable annual dose of 5 REM 
(roentgen equivalent man, a unit used to measure dosage applied to humans) [46]. Multiple safety 
features stop the beam from turning on if anyone is in the cell, and in case of catastrophic failure, 
there is also an emergency stop pull-cord lining the walls of the cell. A ventilation system is 
constantly running replacing air in the cell, removing ozone produced when the beam is turned on.  
Personal protection equipment was provided to all participants of the study. A side effect 
of the ventilation system was a high pitched noise in the cell. Ear protection devices were provided 
to mitigate this. Nitrile gloves were worn by all workers when transferring samples, cleaning the 
system, and when opening or closing the system. Tyvek material suits were also provided to protect 
workers from PFOS spills. Samples were transferred from the stainless steel boats to HDPE 
containers. These containers where placed into small coolers for ease of transport and moveable 
cold storage. Methanol is used to clean the pipes, this chemical volatilizes easily. Pipes were 
cleaned inside of a walk in vent hood and a respirator was provided to the worker cleaning the 
pipe.  
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 Sample Collection 
 
The treated samples were collected in two factory new containers made from HDPE. The 
first container is the labeled the boat. This contained the sample that is left in the stainless steel 
boat after the treatment. The second container is labeled condensate. This contains any of the 
condensate that is found outside the boat in areas such as the ballast pipe, ⅜” tubing, and 
surrounding the boat in the pressure vessel.  
The pipe was very hot after the irradiation, so the vessel was allowed to cool. The 
thermocouples measured the outer temperature of the pipe, and gave a rough estimate of the 
internal temperature. The pipe is allowed to cool to 30°C, well below the condensation point of 
water (100°C), so that all of the water had a chance to condense inside the system. Tap water was 
sponged on the outside of pipe, away from any openings, to expedite the cooling process.  
Clean nitrile gloves were worn by all researchers while opening and closing the pipe to 
change samples. After the pipe had cooled, the ballast pipe was removed and the collected sample 
was poured into the condensate bottle using a funnel made of new aluminum foil cleaned with 
methanol. The ⅜” tubing was emptied the same way. The sealed pressure vessel was raised on one 
side so that the condensate flows to the lowered side. The flange was opened and the boat removed 
using clean gloves. The boat’s side folded down and allowed for direct pouring into the boat 
collection bottle. Then the pressure vessel was lifted on the opposite side pouring the condensate 
into the condensate bottle. The system was realigned for the next test. The samples were sealed 
and put into cold storage.  
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 Pipe Cleaning and Maintenance 
 
Before each day of treatment the pipe was cleaned to ensure untainted results. To do this, 
the pipe was initially inspected for any leftover sand or discoloration. If sand was in the pipe, a 
brass brush was used to scrap the sand off the sides. If discoloration was found, the pipe is sanded 
out and distilled water was used to remove this leftover material. Next, the pipe was wiped dry 
with an industrial paper towel replacing the towel with each run through. Then, methanol was 
added to paper towels and run through the system. Methanol can dissolve PFOS, so leftover PFOS 
is picked up by the paper towel and removed [55]. Finally, methanol was added to kimwipes (low 
lint cloth) and pushed through the system. The tubing and fittings were cleaned by rinsing methanol 
through them.  
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9. TESTS COMPLETED 
 
Multiple water and sand tests with and without additives have been run through the electron 
beam irradiation. The results are still being analyzed, but PFOS has been broken down in many 
cases. A single field sample of investigation derived waste (IDW) has been run in the electron 
beam as well. These experiments are ongoing, and more research will follow.  
The First set of run labeled as Preliminary runs worked to compare PFOS spiked samples 
with additives and PFOS spiked samples without additives. The additives are as follows: 235.6 μL 
of pH-13 0.1Molarity (M) NaNO3, 2 mL of 1M NaHCO3, and 400 μL of 10Normality (N) NaOH. 
 
 Water Sample Tests Preformed 
 
Table 2: Preliminary PFOS spiked water trials (10 μg/L). 
Trial ID Dose Additive Date (2019) Results 
H20-1P 500 kGy Yes 1/24 Received 
H20-2P 500 kGy No 2/7 Received 
H20-3P 2000 kGy Yes 1/24 Received 
H20-4P 2000 kGy No 2/7 Received 
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Table 3: Trials preformed after PTFE fitting removed. 
Trial ID Dose PFOS (μg/L) Date (2019) Results 
H20-1, 2, 3 500 kGy 10 2/28, 3/4, 3/7 Pending 
H20-4, 5, 6, 7 2000 kGy 10 2/28, 3/4, 3/7, 3/28 
Pending 
reanalysis 
H20-8 500 kGy 0 3/28 Pending 
H20-9 2000 kGy 0 3/7 Pending 
H20-10 500 kGy 0 and 10 4/4 Pending 
 
 
 Sand Sample Tests Preformed 
 
Table 4: Preliminary PFOS spiked sand trials (20 mg/kg). 
Trial ID Dose Additive Date (2019) Results 
Sand-1P 500 kGy Yes 1/24 Received 
Sand-2P 2000 kGy Yes 1/31 Received 
Sand-3P 2000 kGy No 2/7 Received 
 
 
 
Table 5: Sand trials preformed after PTFE fitting removed (20 mg/kg). 
Trial ID Dose PFOS (μg/L) Date (2019) Results 
Sand-1 500 kGy 20  2/28  Pending 
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 Soil Sample Tests Preformed 
 
Table 6: Soil trials preformed not spiked. 
Trial ID Dose 
PFOS 
(μg/g) 
PFBS Peak 
Area (AU) 
Date (2019) Results 
WillowGrove-1 500 kGy 
Not 
detectable 
111482 4/4 Received 
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10. RESULTS 
 
 Thermocouple Data Background Information. 
 
 
The thermocouple data in this thesis has been modified from its original format. The output 
of the thermocouple reader is -1099°C to 1099°C, but this is due to irradiation. The electromagnetic 
interference from the beam causes the voltage converter to display its maximum detectable valves. 
The thermocouples themselves have an accuracy of ± 0.75% in normal operating conditions [45]. 
The system to read and record the thermocouples has an uncertainty of about ± 3% when operating 
in normal conditions.  
Temperature data is extremely hard to accurately measure in a high energy/power electron 
beam. For thermocouples, electrons interacting with the tip of the thermocouple and 
electromagnetic interference acting along the length of the thermocouple produce errors similar to 
those shown in Figure 29.  Infrared (IR) thermometers and cameras could not measure the sample 
unless they are placed within the sample container, where they would also be heavy effected by 
the electromagnetic radiation, and would need to be replaced regularly. IR thermometers would 
also need to be calibrated to the emissivity of the specific sample. Using materials with specified 
melting points is a method for measurement used in a few applications. However the electron beam 
delivers energy differently to objects of different densities, so this would be closer to a measure of 
dose rather than temperature. A liquid-in-glass and constant-volume gas thermometers would have 
similar problems. Fiber optics thermocouples were briefly considered; these are less affected by 
electromagnetic interference, however the electron beam causes color change in plastics and glass 
exposed to high doses. The optical cables are made from plastic or glass, and these changes would 
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influence the temperature reading. Thermocouple were used to measure the temperature as they 
are currently the most robust method in the electron beam.  
 The thermocouple data originally looked similar to Figure 29. The LabVIEW program 
was started a few seconds before the electron beam was powered, noted as the pretrial region. 
When the beam was turned on the thermocouples act as an antenna and pick up a ton of interference 
from the beam. This was shown in the electron beam power on region of the figure, with values of 
-1099°C to 1099°C being recorded. Temperature recorded in this region is not useful, but it can be 
used to determine the exact time the electron beam was turned on for. When the beam was powered 
off the interference quickly stops as well, and the maximum temperature of the trial was displayed. 
With no energy input into the system, the temperature starts to cool and this region is shown in the 
cooling curves.  Temperature measurements are useful at the time before the beam was turned on 
and after the beam was turned off.  
The data was manipulated by first removing much of the pretrial region, so the beam is 
shown powered on at zero seconds for each trial. Next, the noise was reduced by using a moving 
average filter in tandem with a Savitzky-Golay filter. This was done in MATLAB using the 
smoothing function.  The electron beam interference regions were removed and replaced with 
straight lines connecting the initial and post electron beam temperatures. A note was added to each 
graph by the area of electron beam interference. A graph of this is shown in Figure 30.  
It is worth noting in this section that the thermocouples were attached to the outside of the 
apparatus by steel hose clamps (Figure 31). The thermocouples could not have been placed in the 
sample as they would have contaminated the LC-MS results. These thermocouples are meant to 
be representative of the temperature of the sample’s steam inside the apparatus. The aluminum 
apparatus and the steel hose clamps absorb energy from the irradiation process, and steel absorbs 
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more energy than the aluminum do to their densities, so the temperature data is a proxy for the 
samples temperature. 
 
Figure 29: Thermocouple Guide 
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Figure 30: Run cleaned up using smoothing function and interference removed 
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Figure 31: Bottom of Al tube showing thermocouple locations 
 
 
 PFOS Run Results 
 
 
Table 7 shows the preliminary results of water runs. The results suggest a reduction in 
PFOS within the boat for each sample, but an increase in the condensate (Figure 32). It was found 
after the preliminary tests that a valve containing PTFE was built into the system (Figure 33). This 
valve was placed in between the pressure vessel and the ballast pipes allowing for faster removal 
of the ballast and quicker runs. The increase in the condensate showed more PFOS than was mixed 
into the sample originally, which was found to be a false positive; the byproduct of the PTFE valve 
contamination. It was assumed that removing this valve would mitigate contamination and 
generation of false positives. Furthermore, it is assumed that this contamination only affects the 
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sample that has directly touched it, or the condensate; the boat sample will likely be unaffected. 
The treated sample in the boat shows a massive reduction as dose increases.  
Table 7: Preliminary results of water runs. 
 
 
A mass balance of PFOS in the samples from Table 7 is shown in Figure 32. This is a mass 
balance of the samples showing a decrease in the PFOS contamination of the boat samples, but a 
massive increase in the condensate sample. 
Figure 34 includes a bar graph for the mass balance of high dose water sample without the 
condensate. This better demonstrates the reduction in all of the sample boats, with additives (add) 
showing less reduction than no additives (no add) samples.  
Treatment  
 
With Additive  w/o Additives  
500 kGy 
Control PFOS spiked 633.6 ng  611.4 ng  
In boat after 500 kGy 494.8 ng  314.4 ng 
In condensate after 500 kGy 997.4 ng  2991.2 ng 
Total (boat + condensate) 1492.2 ng  3305.6 ng  
    
2000 kGy 
Control PFOS spiked 647.8 ng  678.9 ng  
In boat after 2000 kGy 72.4 ng  22.9 ng  
In condensate after 2000 kGy 1868 ng  660.8 ng  
Total (boat + condensate) 1940.4 ng  683.7 ng  
 63 
 
 
Figure 35 further shows that samples with no additives reduced the PFOS concentration 
within the boats more for this study. The data shows a reduction of about 21.9% for the 500 kGy 
sample with additives, and an 88.8% breakdown for the 2000 kGy additive sample. 
Correspondingly, reductions without additives were observed to be about 48.6% for the 500 kGy 
sample, and 96.6% for the 2000 kGy sample.  
With these results it was decided to proceed without using additives, as it appeared to 
hinder the breakdown at higher doses.  
 
 
Figure 32: Mass balance of high dose water samples. 
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Figure 33: Pipe leading to ballast containing PTFE valve 
 
 
 
 
Figure 34: Mass balance of high dose water samples only showing the boat and control. 
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Figure 35: PFOS mass % vs. dose for the water sample only showing the boat 
 
 
Figure 36 and Figure 37 show the temperature data for the preliminary runs at 500 and 
2000 kGy respectively. Note, the thermocouples of the 2000 kGy 1/24/19 (Figure 37) run fell off 
and were unable to get accurate measurements of the run. The thermocouple was touched to the 
surface as soon as the team was allowed back into the area.  
In Figure 36, the maximum temperature of the apparatus for the 500 kGy runs was about 
251.5°C for the additive run on 1/24 and 102°C for the no additive run of 2/7.  
 In Figure 37, the maximum apparatus temperature for the 2000 kGy runs was about 335°C 
for the no additive run on 2/7. Since the thermocouple fell off, no accurate measurement of the 
temperature was recorded for the additive run on 1/24. However some estimates can be made based 
off of the data. The no additive beam on 2/7 was powered off at 393.6 seconds, while the additive 
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beam on 1/24 was turned off at 460 seconds. The difference in time (66.4 seconds) was due to the 
alignment of the system. The point where the data was stopped recorded for the 2/7 beam was 
located at 733.7 seconds and 111.2°C. The time where thermocouple on the 1/24 beam was 
touched to the system was at 783.4 seconds and a temperature of 97.4°C. Since our group would 
not have been able to cool the sample with water faster than the researcher touched the 
thermocouple to the wall of the pipe, the time to cool the sample reveals which sample was hotter. 
It took 340.1 seconds for the 2/7 beam to cool to 111.2°C. The 1/24 beam only took 323.4 seconds 
to cool to 97.4°C. The 1/24 beam took a shorter time to cool to a lower temperature, therefore the 
1/24 sample’s steam must have been heated to a lower temperature than the 2/7 sample’s steam. 
This conclusion assumes the cooling rates are the same. The initial temperatures in the facility 
were 19°C on 2/7 and 14°C on 1/24. This shows that the 1/24 beam was cooled faster, but at this 
scale the effect from the different temperatures is assumed to be negligible.  
Assuming the cooling rates are the same allows for use of Newton’s Law of Cooling shown 
in equation (4) [56], [57].  
∆𝑇 =   ∆𝑇0 𝑒
−𝛼𝑡 (4) 
Where ΔT is the change in temperature between the room temperature and the cooled 
temperature (111.2°C on 2/7 and 97.4°C on 1/24), ΔT0 is the difference in temperature of the room 
and the peak temperature at the starting point of the measurement, t is the time it takes to reach the 
cooled temperature from the peak temperature, and α is a cooling constant exclusive to this system. 
Assuming the cooling rates are the same means that α is equivalent for both dates. Using the data 
from 2/7 to solve for α, and using the calculated α with the data from 1/24 allows for calculation 
of a temperature estimate. The calculated temperature was determined to be about 305°C. 
Therefore the maximum temperature of the 1/24 is roughly estimated to be 305°C. This value is 
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meant to be a representative number and not an exact valve, and estimates the apparatus 
temperature.  
 
Figure 36: Preliminary water runs at 500 kGy temperature data 
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Figure 37: Preliminary water runs at 2000 kGy temperature data 
 
 
Table 8 shows the data for some of the water runs after the PTFE valve was removed. This 
data is suspect, as the concentration of the control PFOS sample is not what the sample was spiked 
to be. The control sample was spiked at 10 ng/ml, the results do not reflect this. Therefore the 
analyses of the samples are being repeated; if the control sample contamination levels do not reflect 
the spiked levels on the repeated analysis, the entire experiment will be performed again.    
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Table 8: Results of water runs after PTFE valve removed. 
 
 
Figure 38 and Figure 39 show the temperature data for the post preliminary tests of the 
water samples at 500 and 2000 kGy. None of these runs had additives. Note, the alignment of the 
system determines the dose rate received causing the time under the beam to increase or decrease.  
Figure 38 is dedicated to the 500 kGy runs. The maximum temperatures of the apparatus 
were 259.9°C, 327.4°C, 286.6°C, and 208.1°C for the 2/28, 3/4, 3/7, and No PFOS 3/28 runs 
respectively.  
Figure 39 is dedicated to the 2000 kGy runs. The maximum apparatus temperatures were 
286.4°C, 590.9°C, 491.6°C, 506.6°C, and 350.3°C for the 2/28, 3/4, 3/7, and No PFOS 3/7, and 
3/28 runs respectively. The run on 2/28 is suspect as the maximum temperature did not appear 
when the beam turns off, as was to be expected. The temperature reading when the beam turned 
off was about 260.0°C and decreased, as expected, to about 212.7°C in 14 seconds, but then 
increased to about 292.0°C over the next 39 seconds.  
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Table 9: Preliminary sand results 
Treatment  With Additive (ng/ml) w/o Additives (ng/ml) 
500 kGy 
Control PFOS spiked 3794 - 
In boat after 500 kGy 45.34 - 
In condensate after 500 
kGy 
88.79 - 
    
2000 kGy 
Control PFOS spiked 4025 3943 
In boat after 2000 kGy 0.0439 Below LOQ 
In condensate after 2000 
kGy 
169.39 63.88 
 
Table 9 shows the preliminary sand results with the PTFE valve still on the system. Even 
so, these results suggest massive reductions in PFOS; with reductions are over 99% for the 2000 
kGy runs and 98.8% for the 500 kGy run.  Figure 40 plots this in a logarithmic scale of relative 
PFOS concentration vs. dose.  
Figure 41 and Figure 42 show the apparatus temperature data for these runs at 500 and 
2000 kGy respectively. The apparatus temperature when the beam is turned off for the 500 kGy 
runs are 109.5°C and 78.8°C for the additive 1/24 and no additive 2/28 runs respectively. The 
maximum apparatus temperatures for the 2000 kGy runs are 398.4°C and 190.2°C for the additive 
1/31 and no additive 2/7 runs respectively. 
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Figure 40: Relative PFOS concentration vs. dose for preliminary sand runs with additives 
 
 
0.00001
0.0001
0.001
0.01
0.1
1
0 500 1000 1500 2000
R
el
at
iv
e 
P
FO
S 
co
n
ce
n
tr
at
io
n
 
(n
g
/m
L 
/ 
n
g
/m
L)
Dose (kGy)
 74 
 
 
 
Figure 41: Sand runs at 500 kGy temperature data 
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Figure 42: Sand runs at 2000 kGy temperature data 
 
 
Figure 43 shows the temperature data for the field tested soil sample from Willow Grove, 
PA. Originally, no data was available for PFOS concentrations, but the sample was irradiated to 
500 kGy. The run reached a maximum apparatus temperature of 167.9°C. 
This field attained sample was run under assurance that it had PFOS, however recent lab 
results show no detectable PFOS levels; even so, another PFAS chemical, Perfluorobutanesulfonic 
acid (PFBS), was detected (Table 10). PFBS is a short chain PFAS containing four-carbon 
backbone accompanied by a sulfonic acid functional group [59]. This chemical is also found in the 
water supply and has many of the same health risks as PFOS/PFOA, but is removed from the body 
easier [58]. PFBS is more volatile than PFOS/PFOA and it can easily evaporate [59]. Figure 44 
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and Figure 45 show the breakdown in PFBS in arbitrary units (AU) and percentage respectively. 
The data shows an 86.4% reduction in the PFBS boat sample at 500 kGy. The condensate sample 
was almost negligibly higher than the control sample. This could be due to the volatility of the 
PFBS.    
 
Figure 43: Willow Grove field soil run at 500 kGy temperature data 
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Table 10: Preliminary Willow Grove soil results 
Treatment Willow Grove soil PFOS Calculated 
Concentration (ng/ml) 
PFBS Peak Area 
(AU) 
500 kGy 
Control PFOS spiked 
Below LOQ 111482 
In boat after 500 kGy 
Below LOQ 15150 
In condensate after 500 
kGy 
Below LOQ 112739 
 
 
Figure 44: Willow Grove field soil run at 500 kGy reductions 
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Figure 45: Percent Reduction PFBS boat for the Willow Grove field soil run at 500 kGy 
 
Further results are pending analysis at C. Kowald and S. D. Pillai’s laboratory.  
 
 Color Change in samples 
 
After each PFOS run, there has been some degree of color change to the sample. Typically 
the color change is similar to Figure 46, but there have been some lighter color changes (Figure 
47) and some darker color changes (Figure 48).  This color change was initially thought to be a 
byproduct of the pipe doping used on the system, as Corinne’s samples at 50 kGy showed no color 
change. A color test using clean (not spiked) ultrapure water for 500 and 2000 kGy was run (Figure 
49 and Figure 50 respectively).  It was assumed that if there was color change due to pipe doping, 
it would show up in these runs. There was no noticeable color change in either of these runs. To 
further this test, a PFOS spiked sample and a clean ultrapure water sample were run 
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simultaneously, right next to each other in the pipe. There was a noticeable color change in the 
PFOS boat, but no color change in the ultrapure water boat. While there have not been enough 
trials to fully determine that the pipe dope is not the culprit, it seems to suggest there is something 
within the PFOS samples that causes the color change. Other possibilities are being looked into 
such as galvanic action between the aluminum and steel with the acidic PFOS being the electrolyte 
or breakdown of PFOS producing this color. 
 
Figure 46: Electron beam irradiation of sample compared to control (left). Boat sample is shown 
in middle and condensate is shown on right irradiated to 500 kGy. 
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Figure 47: Electron beam irradiation of sample to 2000 kGy with little color change in the boat 
(left) or either condensate. 
 
 
Figure 48: Electron beam irradiation of sample compared to control (right). Boat sample is 
shown in middle and condensate is shown on left irradiated to 2000 kGy. 
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Figure 49: Ultrapure water run at 500 kGy for a color test showing the condensate (left) and two 
boat samples. 
 
Figure 50: Ultrapure water run at 2000 kGy for a color test showing the boat (left) and 
condensate (right) 
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Figure 51: Ultrapure water and a PFOS spiked sample run at the same time for 500 kGy. 
Showing condensate (left), PFOS boat (middle), and ultrapure water (right). 
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11. FUTURE WORK 
 
Additional work must still be done to prove electron beam decontamination is 
commercially viable. Our laboratory is awaiting the analysis of the rest of the samples, by C. 
Kowald and S. D. Pillai’s laboratory. In addition, Ultraviolet–visible (UV-Vis) or Fourier-
transform infrared (FTIR) spectroscopy should be done to quantify the color change. In addition, 
further research should be conducted to determine the degradation products/mechanisms and why 
the color change occurred. More field attained soils will be tested including dirt from Texas, 
Michigan, and repeat trials of the Pennsylvania soil. More control tests should be run such as a 
thermal degradation and evaporation test to compare breakdown conditions and cost for spiked 
samples and field samples.  
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12. CONCLUSION 
 
Research shows that PFOS and PFOA contamination is a global problem. Electron beam 
irradiation breaks down PFOS/PFOA from contaminated sources rather than just filtering it, which 
has a byproduct of hazardous waste. Our work focused on single high dose irradiations of PFOS 
containing samples by a 10 MeV, 15 kW electron beam and to compare high dose radiolytic break-
down with additives (NaOH, NaHCO3, and NaNO3), without additives, and between sand and 
water. Also included in this work is an industrial derived soil sample containing PFBS. Our work 
first involved designing a system to handle the harsh conditions of the electron beam. Then, 
irradiating samples at 500 and 2000 kGy establishing proper dose distribution while making certain 
samples are properly controlled to mitigate contamination. Finally, ensuring safe storing, handling, 
and transport of the samples to the analysis lab.   
Nineteen tests were run in to attempt to reduce PFOS contamination levels in water, sand 
and soil.  Four water tests showed reduction of PFOS by electron beam irradiation with varying 
levels with the best being 96.6% reduction with a 2,000 kGy sample with no additives. Four 
additional water test results are pending. There were four sand samples, only three of which have 
final results.  Of those three, greater than 99% of PFOS contamination was broken down in 
radiation over 500 kGy. The soil sample results show that no PFOS was detectable in the soil 
originally, but PFBS, another type of PFAS chemical, was contaminating the soil. Reductions of 
86.4% were seen in the boat sample from this chemical. Two water and two sand samples 
contained NaOH, NaHCO3, and NaNO3, additives used by C. Kowald’s laboratory in work that 
produced further reductions of PFOS at low doses, but our preliminary tests show that these 
additives are detrimental to high dose PFOS remediation. Our additive experiments reduced 21.9% 
and 88.8% of the PFOS contamination in the boat for the 500 kGy and 2000 kGy respectively, 
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while 48.6% and 96.6% of PFOS was broken down without additives for the same doses. PFOS 
reduction without additives was 26.7% more than with the additive at 500 kGy and 7.8% more at 
2,000 kGy, so in our experiments, the additives actually reduced the effectiveness of the electron 
beam irradiation. Note that the results of three tests were not considered in the conclusion at this 
time, as it appears there may have been some error during testing. 
Our experiments also noted color changes related to PFOS remediation.  Ultrapure water 
tests were done at 500 and 2000 kGy showing no color change.  Then an ultrapure water control 
sample and a clear contaminated sample (at 10 μg/L) were simultaneously run at 500 kGy. A color 
change to yellowish brown was noticed in the PFOS contaminated sample, but the ultrapure water 
sample remained clear. 
The hope of this project was to show and compare preliminary results of single high dose 
irradiations on different samples to determine whether or not to continue this research. Based on 
our findings further research should proceed in an effort to make the production model easier to 
use and more cost effective.  
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Figure 52: Relative PFOS concentration vs. dose for preliminary sand runs with additives 
 
 
Figure 53: PFOS mass % vs. dose for the water sample only showing the boat 
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Figure 54: Percent Reduction PFBS % for the Willow Grove field soil run at 500 kGy 
 
 
Table 11: Summary results in breakdown percentages of boat samples 
Sample type 
500 kGy 2000 kGy 
Water with additives 
21.9% PFOS 88.8% PFOS 
Water without additives 
48.6% PFOS 96.6% PFOS 
Sand with additives 
98.8 % PFOS >99.99% PFOS 
Sand without additives 
- >99.99% PFOS 
Willow grove field sample 86.4% PFBS (no 
detectable PFOS) 
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APPENDIX A 
 
EXCESS PFOS MATERIALS 
 
PFOS Thermocouple Data  
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Area of electron beam 
Interference and heavy noise 
(Do not assume data is correct) 
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PFOS Sample Images 
 
PFOS Spiked Water Samples at 500 kGy 
 
Additive sample with HDPE valve (only additive water run) 
Control    Boat           Condensate 
 
 
 
No additive sample with HDPE valve  
      Condensate           Boat           Control 
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Clean pipe sample  
      Condensate           Boat        Control 
 
 
Clean pipe sample rerun trial 
             Boat         Condensate 
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Clean pipe sample rerun trial 
             Condensate       Boat         
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PFOS Spiked Water Samples at 2000 kGy 
 
 
Additive sample with HDPE valve (only additive run) 
  Condensate            Boat          Control 
 
 
No additive sample with HDPE valve  
      Condensate           Boat           Control 
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Clean pipe sample  
      Condensate           Boat        Control 
 
 
 
Clean pipe sample  
          Boat         Condensate     
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Clean pipe sample  
          Boat             Condensate   
 
 
Clean pipe sample E-5 trial rerun 
          Condensate     Boat   
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Ultrapure Water Samples Color Testing 
 
Ultrapure water run at 500 kGy  
          Condensate    Boat               Boat   
 
Ultrapure water run at 2000 kGy  
  Boat             Condensate     
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Ultrapure water and a PFOS spiked sample run at the same time for 500 kGy  
        Condensate            PFOS boat      Ultrapure water boat 
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PFOS Spiked Sand Samples at 500 kGy 
 
Additive sample with HDPE valve   
      Condensate     Condensate  Boat            Control    
 
 
No additive sample clean pipe 
           Condensate                  Boat      
 123 
 
 
PFOS Spiked Sand Samples at 2000 kGy 
 
Additive sample with HDPE valve 
      Condensate         Boat              Control   
 
 
 
No additive sample with HDPE valve  
      Condensate     Condensate  Boat            Control   
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Field Samples Irradiated 
 
Willow Grove, PA soil sample run at 500 kGy 
 Boat          Condensate 
 
 
Willow Grove, PA soil sample run at 500 kGy before moved to HDPE storage bottle.   
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APPENDIX B 
 
SYSTEM DESIGN 
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APPENDIX C 
 
CODES  
 
LABVIEW Thermocouple Reading Code 
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MATLAB Sample Thermocouple Filtering Code with Outlier Adjustment 
 
%Pull data from source 
Sand_2000_A=load('C:\Users\rodirm\Desktop\Thermocouple 
data\01_31_19\Sand_2000kGy_A_013119.mat') 
  
  
% Removing outliers less than 10 and greater than 1000°C for the 1st 
thermocouple 
B=Sand_2000_A.Sand2000kGyA013119(:,3)<10 | 
Sand_2000_A.Sand2000kGyA013119(:,3)>1000; 
B=(B-1)*-1; 
A=B.*Sand_2000_A.Sand2000kGyA013119(:,1); 
v = nonzeros(A'); 
v=vertcat(0,v)-35; 
C=B.*Sand_2000_A.Sand2000kGyA013119(:,3); 
q= nonzeros(C'); 
  
% Removing outliers less than 10 and greater than 450°C for the 2nd 
thermocouple 
D=Sand_2000_A.Sand2000kGyA013119(:,2)<10 | 
Sand_2000_A.Sand2000kGyA013119(:,2)>450; 
D=(D-1)*-1; 
E=D.*Sand_2000_A.Sand2000kGyA013119(:,1); 
F = nonzeros(E'); 
F=vertcat(0,F)-35; 
G=D.*Sand_2000_A.Sand2000kGyA013119(:,2); 
Y= nonzeros(G'); 
  
%Filter data using a moving average filter in tandem with a Savitzky-Golay 
filter 
q=smooth(q,300,'sgolay',3); 
Y=smooth(Y,300,'sgolay',3); 
  
%Plot and label filtered data 
plot(F,Y,v,q) 
title('Sand 2000kGy Additive 1/31/19') 
ylabel('Temperature(C)') 
xlabel('Time(s)') 
legend('Cold side(1)','Middle(2)') 
axis([0 1600 0 450]) 
 
 
MATLAB Sample Thermocouple Filtering Code Only 
%Pull data from source 
H20_2000_A=load('G:\Team Drives\STAACK PLASMA LAB\PROJECT 
FOLDERS\Environmental Remediation (John, Bob)\Wastes, Soils, & 
Sediments\Trace Organics\Thermocouple data\20190328 
PFOS\H20_2000kGy_3_28_19.mat') 
  
% Setting the start point to zero  
H20_2000_A.H202000kGy32819(:,1)=H20_2000_A.H202000kGy32819(:,1)-22; 
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%Filter data using a moving average filter in tandem with a Savitzky-Golay 
filter 
H20_2000_A.H202000kGy32819(:,2)=smooth(H20_2000_A.H202000kGy32819(:,2),500,'s
golay',3); 
H20_2000_A.H202000kGy32819(:,3)=smooth(H20_2000_A.H202000kGy32819(:,3),500,'s
golay',3); 
  
%Plot and label filtered data 
plot(H20_2000_A.H202000kGy32819(:,1),H20_2000_A.H202000kGy32819(:,2:3)) 
title('H20 2000kGy 3/28/19') 
ylabel('Temperature(C)') 
xlabel('Time(s)') 
legend('Cold side(1)','Middle(2)') 
axis([0 700 0 400]) 
 
 
MATLAB Cost Per Volume Water Treatment 
 
clc;clear; 
Dose=[0:10:2000]; % dose  
Pcost= .1043; %cost electricity $/kWh 
n_wall= .5; %efficentcy of power from wall to beam 
n_geo= .9; %efficentcy of geometry for dose absorption 
  
% equation using rho as 3.97 which converts kg to gal for water 
Cost_per_gallon= (1/n_wall)*(1/n_geo)*Dose*Pcost*(1/3600)*3.97;% 
(kGy=kj/kg)(($/kWH=$s/kJH)(H/3600s)*kg/gal 
  
%Plot and label data 
plot(Dose, Cost_per_gallon) 
xlabel('Dose (kGy)') 
xticks([0:100:2000]) 
ylabel('Cost per volume($/gal)') 
yticks([0:.05:.6]) 
title('Electrical cost of electron beam water treatment') 
 
 
MATLAB Throughput Treatment 
 
clc;clear; 
Dose=500; % dose  
Pbeam= [0:.5:500]; %Power of beam kW 
n_beam= .9; %efficentcy of energy absorbtion from beam 
  
  
% throughput equation in kg/s 
Kg_per_sec= (Pbeam/Dose)*(n_beam); 
%conversion to Gallons per minute for water (can comment out if one needs 
kg/s) 
Gpm=Kg_per_sec*15.85; 
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%Plot and label 
plot(Pbeam,Gpm) 
xlabel('Power of the beam (kW)') 
% xticks([0:100:2000]) 
ylabel('Throughput (gpm)') 
% yticks([0:.05:.6]) 
title('Water throughput as a function of electron beam power at a dose of 
500kGy') 
 
